Objective: To assess whether prolonged length of stay in the emergency department was associated with risk of death.
Introduction
Emergency departments (EDs) serve as the primary entry point into hospitals for acutely ill or injured patients. Patients are prioritised according to a triage system [1, 2] , and either admitted to the hospital for further work-up and treatment, or discharged from the ED. Transient increases in the number of acutely ill or injured patients can lead to a strained service. This has been the subject for several studies, often with emphasis on delayed care and impaired patient safety as a consequence [3] . Delays in the ED could negatively affect patient safety through time to required in-hospital treatment or concurrency conflicts [4] . Even though patients with the most critical conditions are prioritised, crowding has been shown to delay treatment, prolonging ED stay, also among high acuity patients [5] .
While information on the patient's length of stay in the ED is often available, prolongation of ED stay cannot be reliably measured directly from observational data. Length of stay in the ED would mostly reflect the prioritising between patients with different need of urgent treatment. Whether a patient is prioritised or not, there is a possibility that parts of the stay in the ED are unnecessary, for example waiting time due to a strained ED. Adjusting for medical prioritisation may in principle distinguish necessary from unnecessary parts of the ED stay. However, since data on the patient characteristics that are relevant for prioritisation are limited such adjustments are not feasible [6] . We propose using indicators measured before arrival as an instrument for prolonged length of stay in the ED in an instrumental variable analysis to study patient outcomes. Such analyses can under defined assumptions obtain causal estimates of the effect of prolonged length of stay without relying on statistical adjustments [7] .
The aim of this study was to assess whether prolonged length of stay could negatively affect patient safety.
Methods

Study design and setting
This is a cohort study from the St. Olav's University Hospital, which is a publicly owned Norwegian academic teaching hospital with the local geographical responsibility for about 280 000 inhabitants and the regional function for Central Norway covering a population of about 700 000 inhabitants. One distinct characteristic of the Norwegian health care system is that the general practitioners are considered the gatekeepers for further specialised health care. Patients arriving at the ED have usually been evaluated and referred by a general practitioner or an out-of-hours primary services physician. Hence the number of arrivals is lower, and the proportion of patients hospitalised is high (84%) compared to international studies. Patients under the age of 16 and patients eligible for bypass protocols, for example percutaneous coronary intervention and fasttrack hip fractures, are not usually evaluated in the ED. The clinical setting is described elsewhere [8, 9] . Time of arrival, triage and leaving the ED, as well as triage level, was obtained from the local ED database, Akuttdatabasen (Version 1.5.5.; Helse-Vest IKT, Stavanger, Norway). Patient characteristics and diagnoses were obtained from the hospital patient administration system, including date of death from the National Registry obtained by linking on personal identification number which is given to all Norwegian citizens at birth. Date of death was therefore not limited to in-hospital deaths.
Selection of participants and data collection
Analytical strategy
An initial analysis was performed to assess the association between length of stay in the ED and risk of death within 30 days without adjustments, with the aim of demonstrating the degree to which this association was confounded.
The main analysis was based on an instrumental variable analysis. Such analyses rely on variables, referred to as instruments, with similar characteristics as the randomisation in a randomised trial. These instruments should provide variation in the exposure of interest, i.e., in prolonged length of ED stay in this study. An important prerequisite is that instruments must be independent of patient characteristics. We used two indicators as candidate instruments for a prolonged ED stay, computed using data collected at time of triage from the patient population triaged within a 3-hour long window, ending 15 minutes before patient arrival, as illustrated in Fig. 1 . Thus, these instrumental variables for a prolonged ED stay were measured before the index patient could influence the condition at the ED, which would have induced dependence between characteristics of the index patient and the situation at the ED. The 15-minute gap was used to account for possible inaccuracies of manually registered timestamps [10, 11] . To further substantiate the assumption of independence, we also tested whether these instrumental variables were associated with measured patient characteristics.
The association between the instrumental variables and length of stay in the ED should be positive. This was tested, including for subgroups of the patient population. Provided the instrumental variables were independent of patient condition, the variation in ED length of stay predicted by the instrumental variables could be assumed to be due to prolonged stay in the ED.
We used two indicators as candidate instruments to predict the exposure of interest, i.e. length of ED stay. The first indicator of the situation at the ED was the average time to triage in minutes. Triage is a prioritised task, and a longer time to triage indicates issues with crowding and possible prolonged length of ED stay for arriving patients. Secondly, we used the number of patients triaged as red. For every red patient present, a non-red patient is prioritised lower, possibly leading to prolonged length of ED stay for arriving patients.
Measurements
Length of stay in the ED was the difference between time of arrival and time of leaving the ED, measured in hours. Time-to-triage was measured as the difference between time of arrival and time of triage in minutes. Out of five triage levels in the Rapid Emergency Triage and Treatment System [1, 2, 9] , patients with the presumed highest acuity level received the colour red. All patients were assigned a presumed medical specialty before arrival based on the chief complaint or a physician's referral note. This specialty may change based on the evaluation of an emergency physician or on-call physician on arrival at the ED. Specialty was categorised as medicine, surgery, orthopaedics, cancer, neurology, gynaecology and other. We had access to the last triage level and last medical specialty assigned during the ED stay.
The primary outcome was death within 30-days, measured from the time of arrival at the ED. Secondary outcomes were length of hospital stay among those admitted for further hospital treatment, and the probability of being treated and discharged from the ED. Length of hospital stay was calculated as the difference between time of The analyses were performed for the total patient population and for patients under and over 80 years old, men and women. We also did the analysis before and after the midpoint of the data material, 1 January 2015, to investigate whether the results were stable over time. In addition, we did subgroup analyses of patients with cardiovascular disease (CVD) and infections, since these are presumably sensitive to timing of treatment. A patient was coded as having CVD if having been hospitalised within 48 hours of the ED arrival and given a primary diagnosis from the I-chapter of ICD10. Similarly, a patient was coded with infectious disease if, within 48 hours, given any diagnosis indicating a bacterial infection as primary or secondary diagnosis, as described in Supplementary Table 1 , Supplemental digital content 1, http://links.lww.com/EJEM/A240.
Statistics
The instrumental variable analysis was done using two-stage ordinary linear regression with robust standard errors using the package ivpack (version 1.2, Yang Jiang and Dylan Small) in RStudio (version 1.1.442; Free Software Inc., Boston, Massachusetts, USA), giving estimates of change in absolute 30 days risk of death per hour of prolonged length of stay. The models were adjusted for age in 1-year intervals, 30-days prior admissions, medical specialty, arrival hour in 1-hour categories, weekday, holiday, day after holiday, and month-year. Adjusting for the combination of month and year gave 96 dummy variables. This approach captures possible seasonal variations, as well as persistent organisational changes, since only within-yearand-month-variability will contribute to the results.
Testing instrumental variable assumptions
For the analysis to be valid, the instrumental variables must be independent of the patient's condition. We tested for the independence by calculating the Time of arrival (◆), triage (• ) and leaving emergency department (ED), either admitted to the hospital or discharged from the ED (▲), are plotted from actual data for the patients arriving on a given day. With the 15th patient of the shift serving as example index patient, we see that arrivals 5-12 are being selected for computing instrumental variables for prolonged stay at triage. association between the instrumental variables and age, sex, CVD-and infection diagnoses, arrival by ambulance and the main medical specialties. These analyses were adjusted for time variables as in the main analysis.
The association between the instrumental variables and length of stay in the ED was tested by linear regression, including for the subgroups in the main analysis. We recorded the partial F-statistics of the adjusted association between the indicators and ED length of stay, which indicates the strength of the association. We performed Sargan's test, where rejecting the null hypothesis would indicate that at least one of the instruments is not valid [12] .
Ethics
The use of patient data was approved by Norwegian Centre for Research Data, ref. no. 59265. The regional ethics committee (REK) was informed about the study, and they evaluated the study not in need of a formal REK approval, reference number 2018/247. Table 2 , Supplemental digital content 1, http://links.lww.com/EJEM/A240. The average length of stay in the ED was 2.9 hours with a SD of 1.8 hours. Risk of death within 30 days was 3.4%. Figure 2 gives a picture of the result of the initial analysis, the association between length of stay in the ED and risk of death within 30-days, as well as the distribution of length of stay. Simply comparing patients with different length of stay in the ED shows around 6% risk of death for patients who stayed for less than one hour, with a considerable reduction in risk as the length of ED stay increased. Table 1 summarises the test of independence for the instrumental variables. We observed no substantial associations.
Results
A table summarising characteristics of the index population is included in Supplementary
There was a strong association between the instrumental variables and length of ED stay for arriving patients. Per 10-minute increase in average time to triage in the measuring window, we found 7.6 minutes (95% CI, 7.2 to 8.0) prolonged length of stay in the ED for arriving patients. Correspondingly, we found 5.6 minutes (95% CI, 5.1 to 6.0) prolonged length of stay in the ED per red patient. The association between the instrumental variables and length of ED stay was strong across subgroups (Supplementary Table 3 , Supplemental digital content 1, http://links.lww.com/EJEM/A240). The partial F-statistic of the association between the instrumental variables and length of stay in the ED was 840. Sargan's test yielded a P value of 0.4, indicating valid instruments.
Fig. 2
Histogram of length of emergency department (ED) stay. The initial analysis of the association between length of ED stay and risk of death within 30-days is plotted in black with 95% confidence interval in grey.
The main results of this study are summarised in Fig. 3 , showing that the estimated change in risk of death within 30 days per hour prolonged length of ED stay was 0.01 percentage points (95% CI, −0.51 to 0.54). The estimates for the subcategories were also close to zero. Figure 4 shows the risk of being treated and discharged from the ED. Prolonged stay generally translates to a lower probability of being admitted into the hospital.
However, we observed no differences in length of hospitalisation for patients who were admitted ( Supplementary  Fig. 4 , Supplemental digital content 1, http://links.lww. com/EJEM/A240).
Discussion
In this study we found no overall association between prolonged ED stay, and risk of death within 30 days. Neither did the subgroup analysis for patient groups presumably sensitive to timing of treatment reveal any apparent risk increase. The probability of being discharged from the ED was higher with prolonged ED stay, but there was no effect on hospital length of stay for those admitted.
When studying the effect of prolonged length of ED stay on risk of death or other outcomes, it's important to ensure that the results are not influenced by prioritisation between patients. A systematic review from 2011 identified 71 unique crowding measures [13] , but independence from the index patient's condition was not discussed. Similarly, measures that are validated for measuring crowding, like ICMED [14] and NEDOCS [15] were not designed with this in mind. By including patients concurrent to the index patient in the crowding measures, estimates of the effect of crowding on risk of death may be confounded by the index patient's condition. If a highly prioritised patient leads resources away from concurrent patients, such analyses will be skewed towards a stronger effect of crowding. Change in risk of death within 30 days per hour prolonged emergency department (ED) stay, with 95% confidence intervals. Adjusted for time variables, medical specialty, readmissions, age with dummy variables for each 1-year age interval and sex. We measured the condition of the ED before the arrival of the index patient, such that the patient condition is not likely to affect the crowding measure. Further, we justified the assumption that our instruments for prolonged stay were independent of the index patient's condition with a balance test against possible confounders. While several previous studies have investigated the effect of crowding on risk of death through variants of length of ED stay [16] [17] [18] , those studies did not justify the independence assumptions of their crowding measures.
Previous studies have mainly been concerned with crowding, delayed care and patient safety for patients who were admitted to hospital and have largely used risk of within-hospital death as outcome [19] . In-hospital risk of death could be influenced by selection bias, since patients with different length of stay have different time at risk.
For patients who are exposed to ED delays, every stage of the patient visit may be affected. Since the instruments used to predict length of ED stay are mainly concerned with patient input, namely time to triage and the number of red patients, we can expect that our results are more strongly related to time to initial treatment and assessment than boarding time. Our finding is consistent with a recent Dutch study [20] , which reported an association between ED crowding and increased time to triage and treatment, but no substantial change in risk of death within 24-hours or 10-days.
We observed no apparent effect on hospital length of stay for the hospitalised patients, which could have indicated more complications with prolonged ED stay. This result further supports no substantial effects on patient safety of prolonged ED stay in our material.
We found a lower probability of being hospitalised with prolonged length of ED stay. This could be a consequence of time spent on patient work-up in the ED. Patients suitable for discharge are usually detected at the initial evaluation of the patient (triage), and length of stay in the ED depends on available diagnostic modalities. More time for observations and testing is associated with less hospitalisation, also if the prolongation is not due to medical reasons.
The results should be interpreted with the Norwegian health care system as a backdrop and cannot be readily generalised. We provide R-code (Supplementary Digital Content Text 1, Supplemental digital content 1, http:// links.lww.com/EJEM/A240) so that the analysis may easily be replicated in other settings.
We conclude that, in our study, prolonged ED stay was not associated with increased risk of death.
